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Using a combination of bacterial and phage-targeted metagenomics, we analyzed two geographically remote sludge bioreactors enriched in a single bacterial species Candidatus Accumulibacter phosphatis (CAP). We inferred unrestricted global movement of this species and identified aquatic ecosystems as the primary environmental reservoirs facilitating dispersal. Highly related and geographically remote CAP strains differed principally in genomic regions encoding phage defense mechanisms. We found that CAP populations were high density, clonal, and nonrecombining, providing natural targets for "kill-the-winner" phage predation. Community expression analysis demonstrated that phages were consistently active in the bioreactor community. Genomic signatures linking CAP to past phage exposures were observed mostly between local phage and host. We conclude that CAP strains disperse globally but must adapt to phage predation pressure locally.
[Supplemental material is available online at www.genome.org.]
Ecological theory is largely grounded on the study of macroscopic communities (Begon et al. 2006) . Microbial communities are compelling alternative systems for testing ecological concepts because microorganisms have shorter generation times and can be studied under controlled conditions (Buckling and Rainey 2002; Jessup et al. 2004 ). However, microbial ecology has been limited by technological hurdles, namely the inability to characterize most microbial species because of a cultivation bottleneck and the inability to distinguish microorganisms at high resolution (species and strains) and track them in situ (Pace 1997) .
Molecular methods developed over the past decade are addressing these limitations and allowing microbial ecology to mature as a discipline and, in the process, are challenging long-held assumptions about microbial populations. For example, multilocus sequence typing (MLST) (Maiden et al. 1998 ) has challenged the notion of general asexuality of microbial populations by demonstrating high rates of homologous recombination in some bacterial species (Feil et al. 2000) . Another widely held belief, regarding the lack of geographic boundaries for microbial populations, has also been challenged by MLST-based studies of extremophiles (Papke et al. 2003; Whitaker et al. 2003) .
Metagenomics, the application of shotgun sequencing to environmental samples, holds the promise of providing the least biased (culture-independent) and most comprehensive (genomewide) resolution of sympatric populations (Whitaker and Banfield 2006) . We analyzed metagenomic data from two Enhanced Biological Phosphorus Removal (EBPR) sludges dominated (up to 80% of the biomass) by an as-yet uncultured species, Candidatus Accumulibacter phosphatis (CAP) (Garcia Martin et al. 2006 ). The sludge samples were obtained from two geographically remote laboratory-scale bioreactors, one from Madison, Wisconsin, USA (US sludge), and the other from Brisbane, Queensland, Australia (OZ sludge). In addition, a phage-enriched sample of the US sludge was obtained for shotgun sequencing seven months after sampling for the bacterial metagenome. A microarray was prepared from both US data sets to examine gene expression of the bacterial and phage communities. Here we report global dispersal of, and local predation pressure on, the CAP populations revealed through comparative genomic analysis and expression data.
Results and Discussion
We began by searching for evidence of geographic isolation of the CAP populations by analyzing the phylogenetic distribution of 48 single-copy genes ( Supplemental Table S1 ). Using singlecopy genes ensures that any given strain is not represented by more than one sequence and therefore minimizes the possibility of misinterpreting paralogs as orthologs (Venter et al. 2004) . PCR clone libraries were prepared for an additional gene, polyphosphate kinase (ppk), which has previously been used to strain-type CAP (McMahon et al. 2002) . We determined the presence of multiple CAP strains in both the US and OZ sludge samples whose genes typically only diverged by up to 4% at the nucleotide level ( Fig. 1 ). Additional distinct Accumulibacter populations were also identified with an average nucleotide sequence divergence of 15% from CAP (Fig. 1) .
Contrary to recent findings in hot springs using highresolution molecular methods (Papke et al. 2003; Whitaker et al. 2003) , no phylogenetic separation based on geographic locale was observed. In all trees with adequate strain representation, the US and OZ CAP strains were intermingled. Furthermore, instances of identical US and OZ ppk genes were found (Fig. 1 ). This indicates global dispersal of CAP strains since the two sampled EBPR sludges have not been in direct contact and both laboratory-scale reactors were inoculated from local full-scale EBPR sludges that had been operating in EBPR mode for over 5 yr. To our knowledge, there was no intentional transfer of sludge between either the bioreactors or wastewater treatment plants from which they were derived.
To date, CAP has only been detected in activated sludges (Hesselmann et al. 1999; Crocetti et al. 2000; Zilles et al. 2002; Wong et al. 2005) , which are sparse and tiny microbial reservoirs on a global scale and have only been in operation for about a century (Tchobanoglous et al. 2003) . The relatively recent introduction of activated sludge systems suggests that CAP originated and therefore is able to survive in alternative environments. Indeed, we found that CAP has multiple genes encoding functions more likely to be used in oligotrophic habitats than in nutrientrich activated sludge (Garcia Martin et al. 2006 ). These include complete pathways for nitrogen and carbon fixation, highaffinity phosphate transporters, and flagellar and chemotaxis genes (Garcia Martin et al. 2006) . No CAP flagella have been observed in EBPR sludges in which this species forms large clusters of cells bound together by extracellular polymeric substances (EPS) (Crocetti et al. 2000) .
To identify CAP habitats, we surveyed a range of environmental samples using Accumulibacter-specific PCR targeting the 16S rRNA and ppk genes that were subsequently confirmed by sequencing. Accumulibacter species were detected in both fresh and estuarine waters and associated sediments but were rarely observed in soil samples ( Supplemental Table S2 ). We therefore suggest that CAP populations are distributed in the environment as sparse high-density point sources (EBPR sludges) linked by dispersal via widespread diffuse reservoirs (aquatic environments), conforming to the ecological definition of a metapopulation as a collection of contained populations connected by a small amount of gene flow (Hanski 1999) .
The presence of multiple strains in each sludge sample allowed us to investigate CAP for evidence of homologous recombination between strains (Supplemental Fig. S1 ). Unlike recent studies in which microbial populations were found to be highly recombining (Tyson et al. 2004; Nesbo et al. 2006) , CAP strains showed no compelling evidence for genomic mosaicism, or even modest levels of homologous recombination. This apparent asexuality would prevent homogenization of local and introduced strains and thereby highlight dispersal patterns (Fig. 1) .
While most of the CAP strains were represented by unassembled reads or short contigs in the metagenomic data (indicating low abundance), one strain dominated each sludge, producing large contigs with high read depths, allowing assessment of within-strain heterogeneity. The dominant strain populations were found to be extremely homogeneous in the US and OZ sludges with an average of one confirmed single nucleotide polymorphism (SNP) per 163.2 and 65.6 kb, respectively (Supplemental Table S3 ). This indicates that both dominant CAP strains are virtually clonal.
The near clonality of the dominant strains, and their inability to recombine, means that the bulk of the biomass in each laboratory-scale EBPR sludge is composed of genetically identical cells. Such populations are natural targets for phage predation, via the so-called "kill-the-winner" phenomenon (Thingstad and Lignell 1997; Pernthaler 2005) . Comparison of the dominant CAP strain genomes in the US and OZ sludges provided clues supporting this scenario. These dominant strains were highly similar, sharing over 95% nucleotide identity across most of the genome (Garcia Martin et al. 2006) , implying that differences are the result of recent evolutionary dynamics. One striking difference was the variability of EPS gene cassettes (Garcia Martin et al. 2006) . EPS can provide a first line of defense against phage predation by masking attachment sites on the cell surface. In response, lytic bacteriophages are known to encode strain-specific polysaccharases to degrade host EPS and allow access to the cell surface (Sutherland 2001) . The observed redundancy and variability of EPS gene cassettes in CAP genomes may impede strainspecific targeting of EPS by phage.
Another phage defense mechanism are clustered regularly interspaced short palindromic repeat (CRISPR) elements (Jansen et al. 2002; Barrangou et al. 2007 ). CRISPR elements are rapidly evolving clusters of short repeats regularly interspersed by unique sequences "spacers," derived from foreign DNA entering the cell, including phages. It was recently demonstrated that spacers provide immunity to the phages from which they were derived (Barrangou et al. 2007 ). The bacterial metagenomes contained numerous CRISPR elements of which five could be unambiguously assigned to CAP strains ( Supplemental Table S4 ). Both substitutions and insertions of CRISPR elements were observed between CAP strains ( Fig. 2A,B ; Supplemental Table S4 ). Only one type of repeat sequence and no spacers were common to the two data sets, suggesting exposure to different local phage populations.
CRISPR elements and EPS gene clusters were among the most notable differences between closely related strains of Strep-tococcus thermophilus, which is used in coculture with Lactobacillus species for industrial yogurt and cheese production (Bolotin et al. 2004) . Therefore, rapid acquisition and substitution of EPS gene cassettes and CRISPR elements may be a widespread response in bacteria to the pressure of phage predation in low complexity engineered ecosystems.
To test the hypothesis that phages are playing a major role in structuring CAP populations in EBPR, we sampled the phage virion metagenome of the US sludge 7 mo after sampling the bacterial metagenome. Eleven US CRISPR spacers, eight of which belonged to the dominant CAP strain, had matches to phage genome fragments ( Supplemental Table S5 ), with some phages being targeted by multiple spacers (Fig. 2C ) and some spacers targeting multiple related phages. This provides a direct link between the uncultivated bacterial host and phage virions and confirms that the CAP population had previously been infected by these phages. Two CRISPR spacers found only in the dominant OZ CAP strain had matches to the US phage community, supporting geographic dispersal of the host and/or phage.
To confirm that phages are active in the sludge ecosystem, we monitored the US sludge at three time points spanning 3 mo using expression arrays targeting both phage and bacterial genes obtained from the metagenomic data sets. We found that large numbers of genes originating from the phage virion metagenome and some genes in the bacterial metagenome of putative prophage origin were highly expressed (Table 1 and Supplemental Table S6 ). These included many hypothetical proteins but also proteins associated with phage tail assembly, a phage-specific endonuclease and terminase (Supplemental Table S6 ), suggesting that phages are continuously active in the sludge. Since the microarray was based on phage virion genes sampled almost 2 yr CRISPR repeats are indicated by sets of vertical bars with colors denoting different repeat sequences. Total number of repeats for each CRISPR element is unknown because of incomplete sequence information in the draft assembly; therefore, a minimum estimate is given. (C) Schematic magnification of dominant CAP CRISPR element and a contig from the phage virion metagenome revealing a phage that has previously infected CAP. All spacers targeting the phage had the same orientation. The starting positions of each spacer and the matching segments in the phage are indicated. The drawing is not to scale, and the actual number of repeats is significantly higher. prior to the expression analysis, some phages must persist for long periods in the sludge. These data imply that the bacterial community is under persistent local predation pressure by phages and live in a volatile but relatively stable coexistence.
In summary, we have shown that (1) CAP is globally dispersed, (2) highly related and geographically remote CAP strains differ principally in genomic regions encoding phage defense mechanisms, (3) high-density, clonal, nonrecombining CAP populations in EBPR bioreactors are natural targets of "kill-thewinner" phage predation, (4) phages are consistently active in EBPR bioreactor communities, and (5) signatures of past phage infections in CAP are observed mostly between local phage and host. We therefore conclude that CAP strains disperse globally but must adapt to local persistent phage predation pressure. The present study illustrates the value of combining high-throughput sequence and gene expression data from the bacterial and viral fractions of an ecosystem to elucidate population structure, biogeography, and host-parasite interdependencies.
Methods

Metagenomic sequencing
Sludge samples for the US and Australian (OZ) bacterial metagenomes were obtained on July 3 and August 18, 2004, respectively. Sequencing, assembly, and gene prediction of the bacterial metagenomes are described elsewhere (Garcia Martin et al. 2006) . To obtain a phage virion metagenome, a sludge sample from the US bioreactor was taken on February 7, 2005, 7 mo after sampling for the bacterial metagenome. Virion purification techniques, construction of shotgun libraries, sequencing, assembly, and gene calling are described in the Supplemental Research Data.
Bioinformatic analyses
Single-copy gene analysis was performed to infer biogeographical patterns by (1) selecting 47 conserved single-copy gene families in isolate genomes in the Integrated Microbial Genomes (IMG) database (Markowitz et al. 2006 ) using PFAM (Bateman et al. 2004 ) profile searches with rps-BLAST (Altschul et al. 1997 ), (2) identifying members of these families in the bacterial sludge metagenomes, (3) aligning each family with ClustalX ( Thomp-son et al. 1994) , and (4) generating neighbor-joining trees using ClustalX. See Supplemental Research Data for details.
To refine the resolution of the single-copy gene analysis, we PCR-amplified the ppk gene from the sludge biomass and environmental samples. The amplification product was cloned into Escherichia coli, and 96 clones were picked from each library for sequencing. See Supplemental Research Data for further details.
Quantification of SNP frequency was done using CONSED program (Gordon et al. 1998 ) on the largest 10 contigs, and reported polymorphisms were manually rechecked. The screen for homologous recombination was done using SNP-VISTA (Shah et al. 2005) . CRISPR elements were identified using piler-cr (Edgar 2007) , and BLASTN (Altschul et al. 1997 ) was used to link between CRISPR spacers and genomic regions. See Supplemental Research Data for details.
Microarrays
Combimatrix CustomArray 12K microarrays were constructed from predicted genes from both bacterial and phage metagenomes. Samples from US sludge were extracted on October 30, 2006; January 5, 2007; and January 31, 2007 . RNA was purified, labeled, and hybridized to the arrays. For each probe, we calculated the geometric average of all replicates, with the exclusion of dubious spots ( Supplemental Table S6 ). See Supplemental Research Data for further details. Geometric averages of two replica experiments, and three replicas for each probe are given. The results of expression array experiments are available in more detail as Supplemental Table S6 . In all cases, the negative control levels are below 1000.
